SUMMARY
One of the unusual features of DNA-containing organelles in general and mitochondria in particular is the frequent occurrence of RNA editing [1] . The term ''RNA editing'' refers to a variety of mechanistically unrelated biochemical processes that alter RNA sequence during or after transcription [2] . The editing can be insertional, deletional, or substitutional and has been found in all major types of RNAs [3, 4] . Although mitochondrial mRNA editing is widespread in some eukaryotic lineages [5] [6] [7] , it is rare in animals, with reported cases limited both in their scope and in phylogenetic distribution [8] [9] [10] [11] (see also [12] ). While analyzing genomic data from calcaronean sponges Sycon ciliatum and Leucosolenia complicata, we were perplexed by the lack of recognizable mitochondrial coding sequences. Comparison of genomic and transcriptomic data from these species revealed the presence of mitochondrial cryptogenes whose transcripts undergo extensive editing. This editing consisted of single or double uridylate (U) insertions in pre-existing short poly(U) tracts. Subsequent analysis revealed the presence of similar editing in Sycon coactum and the loss of editing in Petrobiona massiliana, a hypercalcified calcaronean sponge. In addition, mitochondrial genomes of at least some calcaronean sponges were found to have a highly unusual architecture, with nearly all genes located on individual and likely linear chromosomes. Phylogenetic analysis of mitochondrial coding sequences revealed accelerated rates of sequence evolution in this group. The latter observation presents a challenge for the mutational-hazard hypothesis [13] , which posits that mRNA editing should not occur in lineages with an elevated mutation rate.
RESULTS

A Novel Type of mRNA Editing in Mitochondria of Calcaronean Sponges
Comparison of transcriptomic and genomic data from calcaronean sponges Leucosolenia complicata (Montagu, 1814) and Sycon ciliatum (Fabricius, 1780) revealed the presence of mitochondrial cryptogenes and mitochondrial mRNA editing. In each species, we identified 11 mitochondrial coding sequences (atp6, atp9, cob, cox1-3, nad1-5) and parts of the two rRNA genes. Three small protein genes, atp8, nad6, and nad4L, typically present in animal mtDNA, were not found, possibly due to poor sequence conservation. Up to 36 edited sites were found per gene in S. ciliatum (250 sites in total) and up to 15 edited sites in L. complicata (113 sites in total) ( Figure 1A and Table S1 ). Phenotypically, mRNA editing was similar in L. complicata and S. ciliatum, always occurring in poly(U) tracts and, in most cases, inserting two additional Us. However, there were significant differences in the patterns of editing between the two species.
In S. ciliatum there was a strong correlation between a specific sequence at the editing site and the number of nucleotides inserted ( Figure 1B) . Three different patterns were observed: (1) a single U was inserted at double(U) sites preceded by a triple(C) sequence; (2) a single U was also inserted at triple(U) sites preceded by a G; (3) a double(U) was inserted at triple(U) sites preceded by any nucleotide other than G.
In L. complicata the pattern of editing was simpler. The majority of edits were double-uridylate insertions, and most of them occurred at sites with at least three consecutive Us. Only a few exceptions to these patterns were found, and some partially edited sites were present in mitochondrial transcripts from both species, usually at low sequence coverage and mainly at the 3 0 end. In addition, we observed a heteroplasmic YUU (Y = C or U) codon in cob of Leucosolenia complicata. Editing was present when U was found at the first position of this codon but absent when C was present.
We used mitochondrial sequencing of Sycon ciliatum to identify corresponding transcripts in S. coactum, a calcaronean species for which RNA sequencing (RNA-seq) data were publicly available [14] . We utilized the presence of partially edited sites in these transcripts to investigate its pattern of editing. The pattern of editing in S. coactum was inferred to be identical to that in S. ciliatum. We predicted 38 single U insertions at double(U) sites, 43 single U insertions at triple(U) sites, and 185 double(U) insertions at sites with three or more Us in 11 mitochondrial coding sequences. 76% of editing sites were conserved between the two Sycon species (e.g., Figure 1C ).
The Absence of mRNA Editing in Petrobiona massiliana
We also generated and analyzed genomic DNA sequencing (DNA-seq) data from Petrobiona massiliana Vacelet and Lé vi, 1958, a slow-growing calcaronean sponge with a massive calcified skeleton found in shallow submarine caves in the Mediterranean [15] . No editing was needed to translate mitochondrial coding sequences in this species. The absence of editing was unexpected, given that P. massiliana is more closely related to the two Sycon species used in this study than they are to L. complicata [16, 17] , and indicated either its loss in this species (e.g., by retroprocessing [18] ) or its parallel evolution in L. complicata and the two Sycon species. We found some support for the loss of editing based on the analysis of tRNA genes found in L. complicata mtDNA (see below).
Unorthodox and Variable Mitochondrial Coding Sequences
We observed substantial variation in mitochondrial coding sequences among calcaronean sponges, manifested in the specificity of start and stop codons, sequence composition, genetic code utilized, and codon usage ( Figure 2 ; Table S2 ). First, in all species with editing, coding sequences lacked conventional start codons (Table S2) . Second, no complete (TAG, TAA) or incomplete (T or TA) stop codons were identified in L. complicata (Table S2) . Third, AGR codons were inferred to have changed their identity from arginine to methionine in L. complicata and to either glycine or serine in S. coactum, S. ciliatum, and P. massiliana. The ATA codon was inferred to specify methionine rather than isoleucine in P. massiliana (Table S3) . Finally, nucleotide composition in L. complicata, S. coactum, S. ciliatum, and P. massiliana was 70%, 56%, 53%, and 45% GC, respectively, with the differences reflected both in the amino acid (aa) composition of encoded proteins (Figure 4B ) and in synonymous codon usage (Figure 2 ).
L. complicata mitochondrial coding sequences also displayed a peculiar pattern of dinucleotide usage with TA dinucleotide frequency being only 23% of the number expected based on nucleotide composition. While part of this discrepancy can be attributed to the lack of stop codons TAA and TAG, there was also a striking deficiency of NTA codons, specifying amino acids L, I, and V ( Figure 2 ). In addition, codons starting with AA (AAN) and AG (AGN) were rare in this species ( Figure 2 ). No such dinucleotide bias was found in either Sycon or P. massiliana coding sequences.
Unusual Mitochondrial Genome Architecture in Calcaronean Sponges
Nearly all mitochondrial coding sequences identified in calcaronean sponges were found on separate contigs in genomic DNA (gDNA) assemblies. In P. massiliana, there usually was a single contig containing a complete gene sequence and several smaller contigs matching a part of the gene with <100% sequence identity. In L. complicata, there was a single DNA contig matching each mitochondrial transcript plus a few smaller contigs that showed variation in the terminal regions. By contrast, in S. ciliatum, mitochondrial transcripts showed partial match to several DNA contigs. We used Southern blot (SB) analysis to check whether these results reflected problems with DNA assembly or signified unusual mitochondrial architecture in the group ( Figure 3B ). In L. complicata and P. massiliana, the sizes of mitochondrial chromosomes identified by SB analysis corresponded closely to the sizes of largest DNA contigs obtained in silico. Thus, we inferred that mitochondrial genomes of these species consist of multiple linear chromosomes 1-2 kpb in size ( Figure 3A) .
In S. ciliatum, each mitochondrial probe produced several bands in the size range between 4-6 kbp, suggesting a more complex genomic architecture and potential errors in assembly of gDNA.
Most gDNA assemblies in L. complicata and P. massiliana contained terminal sequences that were identical or similar across contigs ( Figures S1 and S2) . We used these sequences in P. massiliana to identify 147 additional putative mitochondrial chromosomes in gDNA assembly. 23 of them encompassed genes for 12 different tRNAs. Similar searches have been attempted for L. complicata but were not informative because of the simplicity of the mitochondrial terminal sequences. Instead, we searched for additional chromosomes in the latter species based on highly biased nucleotide composition of its mtDNA and analyzed them for the presence of terminal repeats and RNA editing. We identified more than 50 putative mitochondrial chromosomes using this approach but found no tRNA genes.
Interestingly, 7 out of 12 identified tRNA genes in P. massiliana encoded a CCA sequence at their 3 0 end. Although CCA sequence is required for a proper tRNA functioning, it is usually added post-transcriptionally by a specialized enzyme, ATP(CTP):tRNA nucleotidyltransferase or CCase [20, 21] . The presence of CCA sequence in these genes suggests that they originated by reverse transcription of mature mitochondrial tRNAs, a process that can also explain the loss of mRNA editing in this species.
Monophyly of Calcaronean Sponges and Accelerated Rate of Mitochondrial Sequence Evolution
Bayesian analysis on inferred mitochondrial aa data reconstructed monophyletic calcareous sponges in a polytomy with most other non-bilaterian animals (except glass sponges) (Figure 4A) . Consistent with previous studies, calcaronean sponges formed a monophyletic group, with L. complicata being the sister group to other species [16, 17] . Phylogenetic analysis also revealed a highly accelerated rate of mitochondrial sequence evolution in calcaronean sponges both relative to calcinean sponges and, especially, to other animals. Furthermore, a correspondence analysis of aa composition showed a highly unusual aa composition of encoded proteins in calcaronean sponges ( Figure 4B ). We used codeml program in PAML [23] to calculate rates of non-synonymous (dN) and synonymous (dS) substitutions in mitochondrial coding sequences between Sycon ciliatum and S. coactum, two most closely related calcaronean species in our dataset. Estimates for these rates were 0.11-0.49 (average 0.26) and 1.26-51 (average 2.27), accordingly, with dN/dS ratios ranging from 0.002 to 0.16 (average 0.12).
DISCUSSION Unusual Mitochondrial Genomes in Calcaronean Sponges
Mitochondrial genomes of calcaronean sponges L. complicata and P. massiliana display a highly unusual organization, with nearly all genes located on individual and likely linear chromosomes. Although such an organization is unprecedented in animals, both fragmentation of mitochondrial genome and linear structure of chromosomes are the features shared by Calcaronea with the second class of calcareous sponges, Calcinea [24] . Furthermore, linear and in some cases multipartite mitochondrial genomes have evolved independently in medusozoan cnidarians [25] and are a norm rather than an exception in several eukaryotic lineages outside of animals [26] . An extreme example of such organization has been found in a close relative of animals the ichthyosporean Amoebidium parasiticum [27] . The mitochondrial genome of Sycon ciliatum appears to have an additional level of complexity, and its genome architecture awaits further elucidation.
The First Example of Mitochondrial mRNA Pan-editing in Animals Although mitochondrial mRNA editing is known to occur in several groups of eukaryotes [28] , previous examples of mitochondrial mRNA editing in animals were limited both in their scope and in phylogenetic distribution [8] [9] [10] [11] . The editing discovered in calcaronean sponges is both extensive, with multiple editing sites in each mitochondrial gene (so-called panediting [29] ), and persistent, retained between the lineages that split early in the history of the group. However, the pattern of editing in calcaronean sponges has several features in common with other examples of editing reported in animals. In particular, all but one [9] of them involve insertion or deletion of Us in poly(U) tracts. Insertional editing, analogous to that in calcaronean sponges, has been previously found in viruses, bacteria, trypanosomes, and myxomycetes [28, [30] [31] [32] . In some of them, such as paramyxoviruses and ebolaviruses, the editing is relatively simple: it occurs at a specific position in the genome and is carried out exclusively by viral RNA polymerases [33] . By contrast, mRNA editing in trypanosomes and other kinetoplastid protists occurs post-transcriptionally at multiple sites and involves complex molecular machinery [5] .
Persistence of Editing Despite High Rates of Sequence Evolution
It has been hypothesized that mRNA editing does not occur in animal mitochondria because of elevated mutation rates in this group, which create an unsustainable pressure on regulatory sequences [13] . Theory suggests that the magnitude of the mutational pressure depends on the mutation rate (m), the power of random genetic drift (1/N g ), and the size of the site (n), with 2N g mn < 1 required for the maintenance of such sites. The persistence of editing in calcaronean sponges is surprising, given their long branches on the phylogenetic tree, which can be a reflection of elevated m ( Figure 4A ). However, longer branches can also result from faster accumulation of deleterious mutations due to low effective population size (N e ). Indeed, our estimate of mitochondrial dN/dS (usually negatively correlated with N e [34] ) in the two Sycon species is higher than what was calculated for other sponges [35] . The lower N e and hence N g in the group is also consistent with our knowledge of calcaronean biology: these sponges are typically short lived, likely selfing, and experiencing large variation in population size [36] . Interestingly, we observed the loss of editing in Petrobiona massiliana, the only sponge in this study that has a long lifespan and hence more stable population size [37, 38] .
mtDNA Sequence Changes Associated with Editing There appear to be two mt genomic changes in response to the additional mutational pressure created by mRNA editing in calcaronean sponges. First, both Leucosolenia and Sycon adopted a GC-rich nucleotide composition that should limit the de novo appearance of target sites for editing. The GC content of mitochondrial coding sequences of L. complicata is the highest reported [1] and results both in a highly biased codon usage and in an unusual aa composition of encoded proteins. Second, L. complicata evolved a peculiar bias in its dinucleotide usage that eliminated the occurrence of TAA and TAG stop codons in all six reading frames in all coding sequences. The lack of stop codons in alternative reading frames would allow translation to proceed even in the presence of frame shifts due to erroneous editing or its absence, potentially resulting in a partially functional protein and keeping a possibility for a compensatory mutation downstream. Such a process may be responsible for accelerated sequence evolution associated with insertional editing [39] .
In conclusion, mitochondrial genomes of calcareous sponges both display a highly unusual mitochondrial genome organization and require RNA editing for expression. These features add to the repertoire of deviations from the notion of the ''typical animal mtDNA'' and challenge generalizations about mitochondrial evolution. Further studies are needed both to clarify patterns of mRNA editing in the group and to elucidate molecular machinery involved in the process.
EXPERIMENTAL PROCEDURES
Specimen Collection, Library Preparation, DNA/RNA Sequencing, and Assembly Specimens of S. ciliatum and L. complicata were collected from the fjords of the North Sea near Bergen, Norway. Genomic and transcriptomic data for these species were published previously [40] . Specimens of P. massiliana were collected in Tiboulen de Maïre cave, Northwestern Mediterranean, and preserved in GuCl solution. P. massiliana total DNA was extracted using phenol-chloroform method. TruSeq paired-end library (Illumina) was constructed and sequenced at the DNA Facility at Iowa State University using Hi-Seq High Output 100-Cycle. RNA-seq of S. coactum [14] were downloaded from the NCBI SRA: SRS344480. All DNA and RNA data were (re-)assembled using a modified PCAP package [41] .
Southern Blot Analysis
Southern hybridization was conducted at Celplor LLC on 1ug/lane total DNA extracted from several specimens of each species. Probes were generated with the primers listed in the Supplemental Experimental Procedures. The 1-kb marker from Green Bioresearch (http://www.greenbioresearch.com) was used for size comparison.
Sequence Analysis
We used FASTA [42] and BLAST to identify candidate mitochondrial sequences in RNA-seq assemblies of S. ciliatum and L. complicata and in DNAseq assembly of P. massiliana. Additional mt chromosomes of L. complicata were identified based on their biased nucleotide composition and validated by the presence of editing. Additional mt chromosomes of P. massiliana were identified by conserved terminal sequences using HMMER [43] . We explored coverage by RNA-seq data as calculated by Bowtie [44] to identify the gene boundaries, especially in L. complicata, which lack conventional start and stop codons in mitochondrial coding sequences. Mitochondrial genetic [22] . The number at each node represents the Bayesian posterior probability. Calcaronean sponges with the mRNA editing are shown in red. That without editing is in blue.
(B) Correspondence analysis of amino acid usage in concatenated sequences utilized for phylogenetic inference.
code was tested using GenDecoder server v.1.6 [45] (Table S3) . Ratios of synonymous and non-synonymous substitutions between two Sycon species were calculated with the codeml program in PAML v.4.4d [23] using the F3x4 model. Chips program in EMBOSS [46] was used to calculate Frank Wright's effective number of codons (Nc) statistic [19] .
Phylogenetic Analysis
Inferred aa sequences of individual mitochondrial proteins from calcaronean sponges and representatives of major lineages of opisthokonts (Supplemental Experimental Procedures) were aligned with Mafft v.6.861b [47] . Conserved blocks within the alignments were selected with Gblocks 0.91 b [48] using relaxed parameters (parameters 1 and 2 = ½, parameter 3 = 8, parameter 4 = 5, all gap positions in parameter 5). Cleaned alignments were concatenated in a dataset 2,287 positions in length. Bayesian inferences based on aa sequences were performed with the CAT+GTR+G4 mixture model implemented in the program PhyloBayes MPI version 1.4e [22] . PhyloBayes analyses consisted of four chains over 57,000 generations using CAT+GTR+G model (maxdiff < 0.15). The chains were sampled every tenth generation after the first 100 burn-in cycles. The correspondence analysis (COA) was performed using the R package ca [49] . For all species used in phylogenetic analysis, we determined the total aa usage, obtaining a matrix where the rows represent the species, and the 20 columns are the respective aa frequencies.
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